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Abstract
The development of solid-state NMR techniques and application to amyloid fibrils are
presented. In addition, a new method of selective inversion based on chemical shift anisotropy is
presented.
An improved method for highly accurate distance measurement across parallel P-sheets
in amyloid fibrils has been developed. This method combines the a double quantum filtered
version of the dipolar recoupling sequence DRAWS with the simulation and data fitting program
SPINEVOLUTION to provide a simple and effective way to measure interstrand distances. This
method was applied to TTR 05 115 fibrils. Several other methods were applied to the TTR fibrils
to measure interstrand and intersheet distances including REDOR, TEDOR, R2TRW, and
DARR. The intermolecular distances were combined with the previously solved monomer
structure to generate a high resolution (RMSD of 1.0 A) of the TTR protofiliment. A disease
associated mutant (L 11 M) of these fibrils was also studied by solid-state NMR to determine the
monomer structure. Distance measurements on this system were done via 3D TEDOR and R2W,
and torsion angle were also measured. A high resolution structure of the monomer is presented.
Some non-fibril related research concerning the exploration of chemical shift anisotropy
and cross polarization is presented in the later chapters. Both experimental evidence and a
theoretical framework are presented to demonstrate the phenomenon of selective inversion based
on the size of the chemical shift anisotropy. Further work concerning the use of cross
polarization selectively was developed and is presented.
Thesis Supervisor: Robert G. Griffin
Title: Professor of Chemistry
Director of the Francis Bitter Magnet Laboratory
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Chapter 1. Introduction to Solid-State NMR Methods for Atomic Resolution Structure
Determination
Gaining structural insight into biomolecules as they relate to biological processes
continues to be of great interest to both the scientific and medical communities. Underlying this
interest is the idea that high-resolution structures of proteins, nucleic acids, and other
biomolecular complexes will offer insights into the mechanisms through which they accomplish
the biochemical tasks of life. Of the many biophysical techniques in existence, x-ray
crystallography and nuclear magnetic resonance (NMR) have been the most successful in
determining atomic resolution of proteins. Atomic resolution protein structures by X-ray
crystallography have become routine provided the protein of interest can be crystallized to
diffraction quality. Recent advances have extended the range of what qualifies as diffraction
quality as Nelson and coworkers' have determined protein structures of some micro-crystals
using x-ray diffraction. NMR has also been used to generate structures of proteins and protein
complexes, most of which are done in solution state. Solid-State NMR has a niche in studying
systems that are not crystalline or soluble. One class of proteins that fit this particular niche
quite well is amyloid fibrils, which are insoluble protein aggregates common to several
degenerative diseases including Alzheimer's and Parkinson's. These rope-like fibres are well
ordered locally but lack the long-range order necessary for atomic resolution x-ray diffraction.
Thus, the major focus of this thesis will be on developing and using SSNMR methodology to
generate atomic resolution structures of amyloid fibrils.
A background of the basics of NMR is necessary for understanding the research that
follows, however, I intend only to highlight the major concepts of SSNMR that permeate the
field and are relevant to this work, while leaving many of the details to others. Malcolm Levitt2,
C.P. Slichter 3, Michael Mehring4 , and others have, in their respective texts, sufficiently covered
NMR in detail for further reading. At its most basic level, NMR spectroscopy is accomplished
through the excitation and detection of nuclear magnetic moments polarized by high magnetic
fields. For each NMR sensitive nuclei, there exists a precession frequency, the Larmor
frequency, at which the excited spins will precess about the magnetic field. The magnitude of
this precession frequency scales with the static magnetic field according to the gyromagnetic
ratio, which varies with nuclear isotope. For our purposes here, I will limit this discussion to
only those nuclei of interest for this work, which are the spin 2 nuclei 1H, 13C, and 15N. Of
these, only 1 H is the occurs naturally in high abundance, thus, most of the systems we study
include specific isotope labeling with 13C and 15N. The strength of the magnetic field in NMR is
usually given by the frequency at which protons precess. For example, an NMR spectrometer
operating at with a static magnetic field of 11.7 T is usually referred to as a 500 MHz NMR
spectrometer. Roughly speaking, the Larmor frequency of 13C is 1/4 of the proton Larmor
frequency and 'SN is 1/10. Since the Larmor frequencies of these nuclei occur in the radio
frequency (RF) part of the electromagnetic spectrum, they can be excited by RF pulses at those
frequencies and detected by recording the free induction decay (FID) at those frequencies.
Physically, this is accomplished by placing small samples inside a coil that is part of a resonance
circuit tuned to the Larmor frequencies, called a probe, and then placing the probe inside a
superconducting magnet as shown in Figure 1.1. In the case of solid-state NMR, the samples are
usually placed inside a rotor for Magic Angle Spinning (MAS).
Magnet Probe
Rotor
(sample nside)
Figure 1.1. Photographs of NMR equipment used. (left) super-conducting magnet at
11.7 T. (middle) RF probe for MAS NMR at 500 MHz. (right top) close-up of probe
head with MAS stator which houses the RF coil. (right bottom) 4mm rotor containing
sample.
To further understand how NMR can be used to extract atomic level structural
information it is useful to examine the general Hamitonian of NMR spin system. The Zeeman
Hamiltonian for i spins in a magnetic field of strength Bo is given in Equation (2.1) and this term
defines the Larmor frequency, woo.
Hz = X-yhI*Bo = -cooilzi (2.1)
Since the Zeeman Hamiltonian is the largest part of the Hamiltonian, it is common to treat the
other parts of the Hamiltonian as perturbations on the Zeeman interaction and move to an
interaction frame defined by Hint = WoLz. Ignoring those terms that do not commute with Iz,
which to first order these average to zero, we are left the interactions that are related to molecular
structure: Chemical Shift, Dipolar Coupling, J-Coupling, and Quadupolar Coupling. Of these,
the most important interactions for Solid-State NMR are the chemical shift and the dipolar
coupling.
The chemical shift term is highly sensitive to local environments and this sensitivity
combined with narrow spectral lines allow for high resolution spectra. The chemical shift
Hamiltonian shown in Equation (1.2) has two parts: isotropic term and the anisotropic term. For
static solid samples the observed chemical shift is dependent on the orientation of the molecule
with respect to the magnetic field. Thus, powder samples give broad spectra like those shown in
Figure 1.2. To remove this broadening, the sample is rotated rapidly at the magic angle, 0=54.7.
this is the angle at which (3cos 2 0 - 1)/2 becomes zero and thus the anisotropic term of the
Hamiltonian is averaged to zero. This property holds for all anisotropic interactions with 2nd
rank tensors, including the dipolar coupling. Figure 1.2 illustrates the averaging of both
chemical shift anisotropy and dipolar coupling at increasing MAS frequencies.
Hcs z + (3cos~0-1 )cos2Y'c aIzi (1.2)
Most structural information for SSNMR is derived from measuring the dipole couplings.
The time independent dipole Hamiltonian is given below, where rij is the distance between spins
and 0 is the angle between the internuclear vector and the static magnetic field.
HD = I Y (3cos 0-1 )IzIlz (1.3)
U 2Y tji
From this it is apparent that by measuring the dipolar coupling one can extract both distance and
angular information about the spins of interest. However, under MAS, the dipole coupling is
effectively averaged to zero by the sample rotation. To recover the dipole coupling RF pulse
sequences called recoupling sequences are used manipulate the spin part of the Hamiltonian in
such a way as to reintroduce the dipolar coupling. A simple diagram illustrating this is shown in
Figure 1.3. Since the spin part and spatial parts of the Hamiltonian can be acted upon separately,
one can flip the spin part once every rotor period such that the dipolar coupling no longer
averages to zero, but to some fraction of the maximum value.
chemical shift + dipolar chemical shift
20kHz
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Figure 1.2. Simulations of 13C labeled glycine spectra vs. increasing MAS. (left)
includes both chemical shift and dipolar couplings while the right only includes the
chemical shift.
Using this measured value of the dipolar coupling, one can then calculate the distance between
two spins. The recoupling of dipolar interactions can be used to accomplish three things in
SSNMR: polarization transfer, distance measurement, and dihedral angle measurement. Each of
these three are important steps to determining a structure of a protein.
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Figure 1.3 (a) depiction of the modulation of the dipole coupling due to MAS. (b)
depection of the modulation of the dipole coupling if the spins are flipped once a rotor
period. (c) illustration of the 7r pulses to flip the spins.
The first step is to correlate all the chemical shifts with the corresponding atoms in the
protein sequence. Typically this is done by using dipolar-recouping sequences to transfer
polarization between nearest neighbor spins. For example, a 13C-13C correlation experiment
transfers polarization between 13C spins in the molecule allowing one to identify the
r A A
V V
characteristic spin patters of the amino acids. An NCaCx experiment correlates the amide
nitrogen to the Ca and the side chain (Cx) through successive polarization transfers. The 13C-13C
and NCaCX spectra allow the identification of all the amino acids in the protein. Similarly an
NCOCx experiment correlates amino acids sequentially from N to C' of the preceding residue
facilitating sequential assignment. A typical pulse sequence and spectrum is shown in Figure 1.4
as well as a spectrum. Once a protein is assigned one can begin to measure the specific coupling
between spins or pairs of spins. The measurement of dipolar couplings to extract distance
information is the subject of the following chapters.
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Figure 1.4 (a) a typical pulse sequence for 13 C- 13C correleation. (b) a typical pulse
sequence for a N-1 3C correlation. The 15N-13C cross polarization can be specific to
transfer to either the CO's or the Ca's. (c) example of a 13C_13C correlation showing
crosspeaks assigned to amino acids in a peptide. (d) example NCO correlation
spectrum. (e) example NCa correlation spectrum.
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The present state of the art structure determination in amyloid fibrils via NMR is best
represented by the work of Tycko on AP models5 and the recent structure of Het-S fibrils6. Both
of these models rely heavily on non-measured constraints, such as torsion angles from TALOS7,
and the measured constraints are broad ranges of distance estimates. The work presented here is
based on achieving higher precision constraints and more of them than previous work. For
example, the Het-S structure has -3 constraints per residue, while we have achived 9 per residue.
Summary of chapters
Chapter 2 details the method development of double quantum filtered version of the
recoupling sequence DRAWS (DQF-DRAWS) for application to interstrand distance
measurements amyloid fibrils. Measurement of interstrand distances is critical to the
development of an overall structure of fibrils due to the multitude of possible P-sheet
arrangements. These f-sheets can be parallel or anti-parallel, and may also be in register or
shifted. This method is a considerable improvement upon the previous work by the Tycko and
Botto, who rely on fp-RFDR-CT and DRAWS dephasing, respectively. These dipolar dephasing
methods have difficulty distinguishing small changes in the distance parameter, particularly in
the presence of relaxation. As such, simulations do not fit the data very well and the distances
have larger error bars. Our application of DQF-DRAWS corrects for these inadequacies by
using a double quantum filter (DQF), which can be fit better in the presence of relaxation, and by
using SPINEVOLUTION to fit both the distance and relaxation parameters. The combination of
using the DQF and separating the distance and relaxation fit-parameters allows for much tighter
fitting of distances and error estimates.
Chapter 3 builds upon the monomer structure of TTR fibrils by Chris Jaroniec by
measuring intermolecular distances and developing a model of the protofilament structure. The
work includes a large array of methods to determine the arrangement of monomers within a
protofilament. REDOR dephasing and DQF-DRAWS were used to measure distances between
the strands in they P-sheets. Intersheet distance measurements were done via DARR, TEDOR,
and R2TRW recoupling methods. A T2-filtered CP experiment was used to determine which
amino acids are exposed to water. AFM measurements of protofilaments heights were used to
determine that the protofilaments contain 4 sheets. A 96 monomer (4 sheets x 24 strands)
structure of the protofilament was refined with CNS using only the SSNMR measurements and
the NCS restraint that all the monomers be identical. Further evidence from x-ray diffraction
patterns and simulations and chemical shift calculations served as confirmation of the structure.
The lowest energy structures have an RMSD of-l A making it the first high-resolution structure
of an amyloid fibril with a cross-0 core.
Chapter 4 details the structure determination of the L 1 11M mutant fibrils from TTR 105-
115. This particular mutant is associated with a hereditary disease and has slightly different fibril
growth kinetics. As such, there may be structural differences that lead to these behaviors. The
momomer structure of these fibrils is solved to 0.5 A resolution through SSNMR distance
measurements and torsion angles and presented as compared to the wild-type structure.
Chapter 5 describes a method for selectively inverting spins based on the size of the
chemical shift anisotropy rather than chemical shift. Experimental evidence and a theoretical
framework to describe the phenomenon are presented. This method of selective inversion differs
from most in that the selection criteria is the size of the chemical shift anisotropy and not the
isotropic chemical shift.
Chapter 6 is a discussion of cross polarization at high MAS frequencies. This work was
pursued in search of the the mechanism discussed in Chapter 5.
Chapter 7 lays out possible future extensions of the work presented in this thesis.
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Chapter 2. High Resolution Determination of Interstrand Distances in Amyloid Fibrils
Adapted from a manuscript submitted to JACS by Marc A. Capoinia, Vikram S. Bajaja, Catherine
MacPheeb, Christopher M. Dobsonb, and Robert G. Griffina
aFrancis Bitter Magnet Laboratory and Department of Chemistry, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139; bDepartment of Chemistry, Cambridge
University, Cambridge, UK. The NMR data and fitting was performed by Vik Bajaj and myself,
while Cait MacPhee assisted by preparing fibrils.
The microscopic structure of amyloid fibrils is a subject of considerable interest due to
the fact that many debilitating diseases are associated with fibril formation'. Several techniques
have been used to investigate these structures including x-rays, electron microscopy, and solid
state NMR (SSNMR) 2-8 However, because fibrils are macroscopically disordered, but
microscopically ordered, the atomic level structures can best be determined using SSNMR 13C-
15N and 13C- 13C distance and torsion angle measurements, and involve three basic steps: (1)
determination of the monomer structure; (2) orientation of the monomeric strands within the f-
sheets (parallel or antiparallel), and (3) determination of the registry of the P-sheets of the
protofibril with respect to one another. Jaroniec, et al,6 previously showed that a structural
refinement of the monomer of amyloid fibrils can be performed to high resolution using '3C_ 15N
and 13C-13C dipole recoupling techniques. However, high precision intermolecular strand-strand
and sheet-sheet structural data have not yet been reported. In early experiments these structural
parameters were probed with rotational resonance2, DRAWS dephasing 9, and more recently
RFDR4 experiments in a series of AP peptides. However, none of these experiments were truly
quantitative. In this communication we demonstrate that a double-quantum filtered version of
DRAWS 10' 11 (DQF-DRAWS) together with contemporary multi-spin simulations 12, which
account for the presence of a infinite linear chain of 13C spins, provides high precision
measurements of the inter-strand distances. Furthermore, using a series of singly labeled 1-13C
molecules, we establish that the peptides in fibrils formed from the sequence YTIAALLSPYS,
derived from the protein transthyretin (TTR105-115), contains peptides arranged in a parallel-in
register alignment. Accurate knowledge of the interstrand arrangement is essential in
determining the high resolution structure of the protofilament and subsequently the fibril.
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Figure 2.1. Simulations of DRAWS double quantum filtered buildup curves vs dephasing
curves using a 4 spin model designed to simulation parallel n-sheets. Plots A and B are
of DQF-DRAWS build up curves without relaxation in A and with relaxation parameters
similar to those found experimentally for TTR fibrils (T2= 6-10 ms). Plots C and D are
comparable simulations to A and B using DRAWS dephasing without relaxation in C
and with relaxation in D.
Figure 2.1 illustrates the problem associated with measuring distances between peptide strands
and the alignment of peptides within a sheet. Specifically, SPINEVOLUTION simulations 12 of
(C)
dephasing experiments show that it is possible to distinguish "3C-"3C distances differing by -0.5
A (Figure 2.1A) in the absence of relaxation. However, when a realistic relaxation parameter is
included in the calculation, the dephasing curves rapidly converge, and, in the absence of infinite
signal-to-noise, it is not possible to distinguish 3.8 A from 5.8 A. Similar results were observed
using the RFDR experiment4 . In contrast, the simulations for the DQF-DRAWS experiment
(Figure 2.1 C and D) show that, while the presence of relaxation does alter the intensity of the
buildup curves, it is still possible to distinguish among the various distances.
>4,
O
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tf
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Figure 2.2. Double quantum buildup curve for 1,4-3 C-succinate at using 100 kHz proton
decoupling (black circles) and 83 kHz (red circles) and their corresponding best-fit
simulations (black line and read line). The decrease in decouple power results in a
slight change in the relaxation fit parameter, but the distance fit parameter remains the
same. These data and the data on the fibril samples were collected on a 360 MHz
spectrometer using 4 mm rotors and /2ir = 5.882 kHz.
Initial experimental tests of this approach were performed on crystalline 1,4-13C-amonium
succinate diluted to 10%. The DQF-DRAWS buildup curves shown in Figure 2.2 were fit to a
two-spin, two parameter model12, the 1,4 internuclear distance and a relaxation parameter, as
well as explicitly including the CSA parameters 3' 14. The curves also demonstrate that
insufficient 'H decoupling power during the DRAWS recoupling period only results in a change
in the relaxation parameter while the distance parameter remains unchanged. As such, the
relaxation fit parameter includes both relaxation and minor experimental imperfections, and by
fitting both it and the distance, the precision of the distance measurement is improved. This
result is important for samples where high power decoupling leads to excessive RF heating due
to high salt conditions as is often the case with amyloid fibrils.
While the two-spin model is an accurate description of the diluted succinate case, it is not
sufficient to describe the spin system in parallel amyloid fibrils labeled with 1-13C amino acids
which is an infinite linear chain of spins. An approximate representation of this configuration
used in many areas is obtained by imposing periodic boundary conditions, in this case
represented by arrangements of spins in a closed loop of four or more spins. Simulations of the
double quantum buildup curves for experimentally relevant mixing periods (-20 ms) converge
with as few as four spins (see Supporting Information). In these arrangements the CSA tensors
are oriented with the most shielded axis of the CSA tensors perpendicular to the plane contain
the spins, which is similar to the arrangement in a linear chain of spins 5.
Amyloid fibrils from the fragment of transthyretin (TTR 105-115), which have a known
monomer structure6 but unknown intermolecular structure, were synthesized with a single 1-13C
amino acid at one of the residue positions from 1107 to P113 and fibrilized as previously
described by Jaroniec, et. a16. The DQF-DRAWS buildup curves, consisting of experimental
data and simulations, for two of these are shown in Figure 2.3 with their corresponding
probability surfaces and the agreement is excellent. All of the distances measured clearly indicate
that the fibrils are arranged as parallel, in-register 1-sheets with interstrand 13C-13C distances
ranging from 4.41 A to 4.59 A with errors of_ ±0.22 A (Figure 2.4). We note that these distances
are significantly shorter (-0.3-0.5 A) than those reported previously '" 9. The complete set of
distances and error estimates for all measurements are provided in the supporting information.
C (A)S0.04
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Figure 2.3. Double quantum buildup curves for TTR fibrils labeled with 1-13C-L111 (A)
and 1-13C-S112 (C) with circles and lines representing the best-fit simulation. The
corresponding probability surfaces for the two fits are shown in (B) and (D) for the L111
and S112 respectively. Both data sets fit to intermolecular distances consistent with
parallel P-sheets with relatively small errors.
In summary our data demonstrate that measuring distances via double quantum buildup curves
with singly carbonyl labeled peptides provides high precision data on interstrand distances when
the peptides assume a parallel, in-register motif which appears to be quite common. Furthermore,
the double quantum buildup curves are more sensitive to changes in the distance parameter than
I
are the corresponding dephasing curves, especially in the case where realistic relaxation
parameters are included in the simulation, (Figure 2.2). Finally, the availability of software to
treat multispin systems permits the DQ buildup curves to be fit with realistic models and the
distances determined to a high degree of precision.
±
Figure 2.4. Schematic arrangement of the peptide strands in TTR1 05-115 illustrating the
seven 13C=013C=O distances together with errors measured with the DQF-DRAWS
experiments for TTR105-115.
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Supporting Information
Table 2.1. Measured Distances and Errors for TTR Fibrils
Label Position
1107
A108
A109
Ll10
Llll
S112
Pl13
Distance (A)
4.51
4.59
4.47
4.41
4.52
4.48
4.52
Error (+/- A)
0.13
0.15
0.09
0.22
0.10
0.05
0.08
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Figure 2.5. Simulations of linear chains fail to converge with as many as 7 spins.
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Figure 2.6. Simulations of chains of spins with periodic boundary conditions imposed
converge with 4 for spins for those times which are experimentally relevant (< 20ms).
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Chapter 3. The Atomic Resolution Structure of an Amyloid Protofilament
Adapted from early drafts of manuscript to be submitted to Nature with a yet to be determined
author list from members of the Robert G. Griffin Lab and the Christopher M. Dobson Lab. The
solid-state NMR data collection and fitting was done by myself and Vik Bajaj. Anthony
Fitzpatrick performed the structure calculations as well as the AFM, EM, and fibre diffraction
work with various members of the Dobson Lab assisting.
Amyloid fibrils are associated with a range of highly debilitating neurological disorders
including Alzheimer's disease and the spongiform encephalopathies. These structures are formed
by the misfolding and self-assembly of peptides and proteins varying widely in sequence and in
native conformation. Here we combine experimental measurements derived from solid-state
NMR, X-ray fibre diffraction and Atomic Force Microscopy to determine the higher order
protofilament structure adopted by an 11 l-amino acid peptide fragment of the human plasma
protein transthyretin, TTR(105-115). This determination of the structure of amyloid fibrils to
atomic resolution is crucial to the understanding of non-native protein self-assembly and of the
molecular basis of protein deposition diseases.
Transthyretin (TTR), a protein which in its native state is a homotetramer molecule
normally involved in the transport of the hormone throxine and retinol in plasma, can misfold
and aggregate into a filigree of persistent amyloid fibrils. These transthyretin fibrils are deposited
around the heart and their plaques are characteristic of a potentially fatal condition known as
senile systemic amyloidosis (SSA). A short peptide fragment of transthyretin TTR 1o05- 115 (amino
acid sequence YTIAALLSPYS) also forms amyloid and the structure of these fibres may be
crucial to the core of the larger architecture of the fibres formed by the aberrant native protein.
TTRo 5 115 is a much smaller molecule than full-length transthyretin and so easier to characterise
using biophysical methods. It is a model system for amyloidosis as it readily forms homogeneous
fibril morphologies.
As amyloid fibrils are both non-crystalline and insoluble, traditional methods of structural
biology, such as x-ray crystallography or solution-state NMR, cannot be used to elucidate their
structure. In the approach that we present here, 100 solid-state NMR (SSNMR) structural
restraints are complemented with X-ray fibre diffraction (XRD) data and atomic force
microscopy (AFM) measurements to unambiguously determine a high resolution 3-D structure
of an amyloid protofilament to 1 A resolution.
SSNMR measurements, which exploit the strong distance dependence of intermolecular
dipolar couplings, have been previously used to solve the structure of the TTR105.115 monomer'
and here we show that they provide restraints on the interactions between monomers in the basic
structural unit of an amyloid fibre known as a "protofilament". The protofilament is akin to a
single strand of a helically wound chord in the rope-like or ribbon-like amyloid fibres. Since
SSNMR methods do not usually provide information about distances greater than 10 A, we
complemented them with X-ray fibre diffraction which allows information to be obtained about
periodic structural features such as the repeated spacing between monomers in a protofilament
and between protofilaments typically on the 3-50 A length scale for amyloid fibril samples.
Dipolar recoupling with a windowless sequence (DRAWS)2 experiments were performed to
obtain intra-sheet homonuclear distance measurements in seven singly-labelled TTR samples at
low magnetic fields. The resulting seven intra-sheet distances are reported in Table 3.1. These
couplings and exchange trajectories (Figure 3.1.a) are only consistent with a parallel, in-register
arrangement of the monomers within the beta-sheets of the fibres formed by TTR 0 -15 . We
confirmed these measurements with rotational-echo double-resonance (REDOR)3 experiments
in diluted samples (Supporting Information). The distance between the A109- 15N and A108- 13C'
(Table 3.1) is also only consistent with a parallel, in-register beta-sheet (Figure 3.2.a).
Additionally, several other samples were prepared to probe anti-parallel confirmations using
REDOR and all failed to provide any evidence of these confirmations. Thus, all experimental
double quantum (DQ) DRAWS and REDOR data are consistent with a parallel in-register P-
sheet topology. Interestingly, Fourier Transform Infra-Red (FTIR) spectra of TTR105o1 15 fibrils4
are also consistent with the P-strands in the fibril's constituent P-sheets being in a parallel
arrangement.
To probe the inter-sheet interactions within the protofilament, we performed 3D
Transferred Echo Double Resonance (TEDOR)5 experiments and a Rotational Resonance
variant (R2TRW)6 experiments (Figure 3.1.d) on an AALL labelled TTR sample. These
measurements revealed cross peaks between the Ala108 and Ala109 backbone and the side chain
of Leul 11 (Fig. Ic); the fitted inter-sheet distances are shown in Table 3.2. In addition, spin
diffusion dipolar-assisted rotational resonance (DARR)7 experiments on a sample labelled at the
YTIA-SPY positions (Figure 3.1.b and supporting information) yielded twelve inter-sheet
backbone-backbone or backbone-sidechain distances (Table 3.2). Three different constraint
classes were defined before the calculations (2.5-5.5 A, 2.5-6.5 A, 2.5-7.5 A) and each contact
was assigned to a distance class depending upon the mixing time at which the cross-peak first
appeared in the DARR spectra. The spin diffusion carbon-carbon distances unambiguously
define an antiparallel packing of sheets with a C2 axis of symmetry along the long axis of the
fibre (Figure 3.2.b). Additionally, adjacent sheets are "-1" residue out-of-register with a
corresponding registry of 105 + k <- 114 - k (Figure 3.2.b).
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Figure 3.1. (a) (DQF-DRAWS). The fit curve for DQF-DRAWS on 13C'-L 11. The data
are fit using SPINEVOLUTION and yield quite small tolerances of +/- 0.1 A or less. This
fit curve is representative of all the DQF-DRAWS measurements. Spectra were
recorded spinning at 5.882 kHz MAS with 50 kHz DRAWS 13C pulses and 100 kHz CW
proton decoupling on a 360 MHz spectrometer. (b) 13C_13C DARR on YTIA-SPY labeled
fibrils with 200 ms of mixing. Those peaks marked were determined to be inter-sheet
cross-peaks. (c) TEDOR buildup curves for the intersheet distances between L 111-
C81/C82 and the A109-N. (d) R2TR data with cross-peaks showing the inter-sheet
contacts between and L111-C61/C62 A108-C'.
Remarkably, the spin diffusion experiments are not compatible with a single cross-sheet packing
and the inter-sheet cross-peaks indicate that there are two distinct dry sheet-sheet interfaces in
the TTR 05s 115 fibres. Interface 1 involves interdigitation of the sidechains SYPILAALIPYS
(Figure 3.2.b and e) and interface 2 the meshing of YTSALLASTY (Figure 3.2.b and f).
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Consistent with the uniqueness of the peaks in the NMR spectra, each sidechain is in a identical
chemical environment in both dry interfaces.
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Figure 3.2. (a) Schematic of the in-register, parallel P-sheets within the TTR105-115protofilament. Hydrophobic residues (IAALL) are shown in green and hydrophilic
residues (YTSP) are shown in black. (b) Schematic of a cross-section through the
TTRo0 5 115 protofilament showing the antiparallel, "-1" residue out-of-register cross-sheet
stack. Interface 1 involves the interlocking of the sidechains SYPILAALIPYS and
interface 2 the zipping of the sidechains YTSALLASTY to give two distinct dry
interfaces. (c) The atomic resolution structure of an amyloid protofilament. For clarity, a
ribbon representation is used to show the parallel-antiparallel protofilament. Hydrogen
bonds are shown in yellow. (d) Adjacent P-strands in the constituent in-register parallel
1-sheets highlighting the pi-pi stacking (yellow) of the tyrosine rings at the N and C-
termini of the beta-strands. The distances between the ring centroids are also shown.(e) Stick and ribbon representation of Interface 2 highlighting the T-shaped Tr-TT
interactions between adjacent sheets in the protofilament. The distances between the
ring centroids are also shown. Note how tightly packed the sidechains are at the
interface. (f) Stick and ribbon representation of Interface 1 highlighting the large
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hydrophobic core (green) formed by the non-polar residues (green) in the interdigitation
of the ILAALI sidechains.
The equatorial and meridional reflections from low-angle, high-resolution X-ray
diffraction patterns of fibrils formed by TTR 1051-15 indicate a "cross-p" structure (Figure 3.3.a) in
which multiple beta-sheets run parallel to the fibre axis with constituent beta-strands being
perpendicular to this axis. The possibility of fibril structures other than cross-p, such as the 3-
helix, have been excluded by the measurement of an X-ray diffraction pattern for a wet, aligned
sample of TTR105 -11 5 fibrils 8 in which an equatorial reflection at about 8.8 " is observed. Such a
reflection would be absent in the diffraction pattern of a P-helix structure. Indeed, it is important
to note that, unlike the beta-helical structure of Het-S fibres9, most non-prion disease-related
amyloid fibres have a cross-P core.
The sharp meridional reflection at 4.67 (Figure 3.3.a) corresponds to the separation of
two adjacent hydrogen-bonded peptides in the P-sheets running parallel to the long axis of the
fibril. The more diffuse equatorial reflection at 8.86 (Figure 3.3.a) is the inter-sheet separation.
There is an additional very low-angle equatorial reflection at 37 ± 2 . This reflection
corresponds to either a chain-chain repeat (3.5 x 11 = 38.5 ) across protofilaments or the
stacking of 4 sheets (8.86 x 4 = 35.44 ) within the protofilaments of the TTRo05s 115 fibres. The
TTR105-11 5 protofilament structure determined from NMR has a prototypic orthogonal unit cell
with dimensions a = 4.66 , b = 17.72 and c = 39 where a is along the hydrogen bonding
direction, b is along the P-sheet stacking direction and c is along the peptide chain direction. The
diffraction signals were indexed using this prototypic unit cell (Table 3.3) and there is a very
strong correlation between the calculated and experimental reflections (overall error of 0.008%).
The combination of the 8.86 , 16.1 and 39 reflections in the equatorial direction preclude
the possibility of parallel sheet-sheet stacking, since the 16.1 signal [0 1 1] is a remnant of a
systematically absent layer line at 17.72 corresponding to an antiparallel cross-sheet stack. In
addition, for this [0 1 1] layer line to occur, protofilaments with > 3 sheets must be present in the
X-ray sample to produce a peptide repeat in the cross-sheet direction (Figure 3.2.b).
Additionally, the width of the sharp equatorial reflection corresponding to the inter-sheet spacing
of 8.86 ' is too narrow to allow for a 1, 2 or 3 sheet TTR1 0 5-11 5 protofilament 0 . The width of an
equatorial sheet-sheet reflection arising from a four sheet protofilament running parallel to the
axis of the fibril most closely matches the radial profile of the observed 8.86 reflection.
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Figure 3.3. Comparison of the experimental X-ray diffraction pattern from TTR105_115
fibrils (a) and the calculated X-ray diffraction pattern from the protofilament (b); the
anisotropic the anisotropic reflections are characteristic of the cross-3 structure.
AFM imaging reveals that mature TTR 105-115 fibres have heights ranging from 70 to
160 . The constituent protofilaments have heights ranging from 25.5 to 51.9 . The - 500
height measurements on individual protofilaments have a normal distribution with a statistical
average of 38.7 (+ 4.4 ). A four sheet protofilament has dimensions of 35.44 (the inter-
sheet separation multiplied by four) x 42 (the length of a TTR 05-115 peptide in the
protofilament plus - 3.5 to account for the "-1" registry shift across sheets). Therefore, we can
say with almost 80% confidence (-1.28 s.d.) that the TTR 105-1 5 protofilament contains four P-
sheets and with 99.7% confidence (3 s.d.) that it contains 3, 4 or 5 P-sheets.
The thousands of height measurements on individual TTR105-115 fibres also indicate that
the fibril population is considerably more heterogeneous than the homogeneous protofilament
population. This reveals that upon lateral association of two or more protofilaments there are
multiple ways in which protofilaments can pack together to form fibres. This has been shown
from cryo-EM studies of Insulin fibres" and a recent analysis of the variability of the helical
pitch of Insulin and TTRI05-11s fibres estimates that the minimum number of stable packing
configurations for these systems is 5 and 4 respectively' 2 . It has been suggested that different
packing geometries may be responsible for varying cytotoxicities of prion strains and here we
demonstrate that a unique protofilament structure can go on to associate into a broad range of
fibres with varying widths and pitches akin to different "strains".
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Figure 3.4. AFM imaging: (a) High resolution AFM image of fibrils (pink and purple) and
protofilaments (green) formed by TTR1 05 -115. Scale bar corresponds to 1 micron. (b)
Height distribution of protofilaments and fibres formed by TTRi0 5_115. A Gaussian
function has been fitted to the protofilament height distribution to obtain a statistical
average of 38.7 + 4.4
The protofilament structure consistent with both the NMR and X-ray diffraction restraints is
composed of parallel, in-register 3-sheets running antiparallel, and "-1" residue out-of-register,
along the long axis of the protofilament (Figure 3.2.a, b, and c). The protofilament has no
residues in disallowed regions of the Ramachandran plot (Table 3.4) and is in excellent
agreement with both the experimental restraints and an idealised geometry (Table 3.4). It is a
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high-resolution structure (1.0 A average RMSD between the 30 lowest energy conformations in
the NMR ensemble) with on average 9 restraints per residue by NMR. It would be possible, in
principle, to use an additional 2.5 restraints per residue through a combination of X-ray
diffraction, H-bond and symmetry restraints, but we have instead used the latter information as a
validation. The simulated X-ray diffraction pattern (evaluated using the Clearer2 program) of
this "parallel-antiparallel" protofilament structure (Figure 3.3.b) closely matches the
experimental diffraction pattern (Figure 3.3.a). In addition, back-calculated chemical shifts from
the protofilament structure are also in excellent agreement with those from earlier experiments
with a total deviation (weighted rmsd, A8tot) for all chemical shifts of 1.36 ppm.
A four sheet protofiliment with two symmetric dry interfaces should have only one of the
two interfaces exposed to water. To determine which of the two possible interfaces are on the
outer edge of the protofilament we preformed a T2 filtered cross polarization on 100% labeled
YTIA fibrils, shown in Figure 3.5. A T2 filter was used to dephase rigid proton signals from the
peptide, leaving mostly bulk water polarization. Increasing proton-proton spin diffusion mixing
times transfer polarization back to the water exposed portions of the protofilament and a short
CP time was used to transfer to 13C for detection. The monomer structure is known to be a 0-
sheet and thus either the T106 and A 108 or the 1107 should be exposed to the bulk water while
the other is buried in the dry interface (the Y 105 is the N-terminus, it should be fairly water
accessible in either configuration). Figure 3.5 shows that the T106-Cy and CP are detected at
very short mixing times indicating close proximity to the water interface. The T106-Ca and
Il107-Ca appear quickly, followed weakly at long mixing times by the 1107 sidechain. This is
also consistent with the T 106-A108 face being on the water face because the backbone T 106-Cc
and Il 07-Ca( should have similar exposure to the water, while the 1107 sidechain should require
longer mixing times to transfer polarization from the water across the peptide backbone to the
inner interface. Because the A108-C3 is incompletely suppressed, interpretation of the A108
peaks with respect to water accessibility is difficult. However, it is safe to assume that the
polarization detected on the T106 is not transferred from the A108-C1 through the peptide since
the 1107 would be polarized in the process. It is also important to notice that the chemical shifts
of the water exposed residues are not detectably different from those in the interface. As such,
the data agree well with the protofilament depected in Figure 3.2, in which the YTIAALLSPY
interface is on the outside of the protofilament and also in interface 2.
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Figure 3.5. The surface of TTR fibrils is polarized from the bulk water via H-H spin
diffusion and short CP; a T2 filter is used preceding the H-H spin diffusion to suppress
non-water proton signals. The T106 sidechain (Cy and CP) is detected at shorter
diffusion times than that of the 1107 (CP, Cyl, Cy2 and C8) indicating that the T1 06 is on
the surface of the protofilament and the 1107 is in the dry interface away from the water.
The T106 and 1107 Ca's both appear at similar times, however this is to be expected
since the backbone is similarly accessible to water.
We found a parallel organization of P-sheets in the protofilaments of TTRI05-115 to be
preferred to an antiparallel P-sheet arrangement, despite the fact that the hydrogen bonds in anti-
parallel P-sheets are linear and so more favourable than the hydrogen-bonding pattern in parallel
P-sheets. However, the in-register parallel P-sheet maximises hydrophobic contacts between
strands for the asymmetric hydrophobic pattern of residues in the TTRo10 5 115 sequence. In
addition, parallel beta-sheets gain stabilisation through the quadrupole interaction of pi-pi
stacking of the tyrosine rings at the termini of the beta-strands (Figure 3.2.d). The aromatic ring
stacking is optimised since the angle between the two normals to the rings is close to 00 and the
distance between the two ring centroids is about 4.9 . This is the most energetically favourable
configuration for proximal interacting tyrosine sidechains. The side chains of adjacent P-strands
in the parallel P-sheets formed by TTR10 5-11 5 are tightly packed (Figure 3.2.d) but little contact or
overlap of van der Waals surfaces of atoms was detected using the PROCHECK program. There
are six backbone-backbone hydrogen bonds (Figure 3.2.c) along the 3-strand stretching from 1107
to Y114 (calculated using STRIDE).
In the self-assembly of amyloid fibrils the side-chain fit between sidechains of
neighbouring sheets must be optimised to allow the chemical groups to interact as strongly as
possible via hydrophobic and van der Waals forces. A key parameter in studying the meshing of
the sheets of the protofilament is the surface complementarity, Sc. The surface complementarity
of the -1 out-of-register, antiparallel sheet-sheet interface I has a value of 0.80 and interface 2
has a value of 0.72. These results indicate that both interfaces are characterised by high shape
complementarities, which results in interdigitation of the sidechains and exclusion of water.
Interface 1 (Figure 3.2.f) and interface 2 (Figure 3.2.e) are tightly packed, without giving rise to
steric clashes (evaluated using the PROCHECK program). Such a high complementarity
optimises hydrophobic contacts between the non-polar sidechains of ILAALI in interface 1 and
ALLA in interface 2. The concentration of exposed hydrophobic side chains in a single beta
sheet, coupled with the flanking of IAALL by hydrophilic residues that can make favourable
contacts with water molecules, means that for the uncharged sidechains of the TTR 105-115
protofilaments the hydrophobic effect is the dominant force acting between the 1-sheets.
Although apolar sequences can also form fibres, the interaction between the hydrophobic groups
of the central region TTRo05-11 5 peptides is important in driving their self-assembly into higher
order oligomers and in stabilizing the protofilament. The hydrophobic fraction of the accessible
surface area (ASAH) was calculated as the ratio of non-polar surface to the total accessible
surface area. The protofilament structure formed by TTRo5-115 has an ASAH of 0.48 and has no
internal cavities. This ratio means that the protofilament has a tightly packed hydrophobic core
that largely excludes water. Interestingly, an approximately equal fraction of hydrophilic and
hydrophobic accessible surface area is also typical of most globular proteins. The fact that the
protofilaments formed by TTR10s-115 are composed of an array of densely packed, largely
dehydrated P-sheets agrees with recently published work4.
Interface 2 has a smaller hydrophobic core than interface 1 but it-t interactions between
P-strands in adjacent sheets (Figure 3.2.e) contribute to its stability. These occur across P sheets
between the Tyr-Tyr side chains at both the N and C-termini of the P-strands in the protofilament
(Figure 3.2.e). The distances and angles between the two ring centroids in both cases are
consistent with a T-shaped Tyr-Tyr structure. The T-shaped Tyr-Tyr complex is known to be the
most stable configuration for distal Tyr-Tyr pairs13 and in a hydrophilic environment stabilizes
the inter-sheet packing' 3-15. The interaction of aromatic side chains in TTRo0 5_115 peptides across
sheets may stabilize the protofilament.
Amyloid fibres normally exhibit a twist, which is highly sequence dependent and
determines both the packing geometries and dimensions of the fibre that in turn are closely
linked to the cytotoxicity of different fibre polymorphs. Atomic force microscopy measurements
on TTRo05s 115 fibres indicate that the fibres, and hence the protofilaments, have a period of 950 +
100 . The calculated protofilament structure has a long-range left-handed twist (Figure 3.2.c)
with an average inter-strand twist angle of 1.70 leading to an overall period of about 1,000
which is in excellent agreement with the experimental measurement and serves as a further
validation of our structure.
In summary, we have presented the first determination of a cross-beta protofilament
structure of an amyloid fibre to atomic resolution. We have shown that a protofilament is a
twisted, densely packed, highly stable, hydrogen bonded array of continuous 13-sheets stabilized
by electrostatic and hydrophobic forces. This knowledge is expected to facilitate the
development of potential therapeutics, such as peptide inhibitors, which could help prevent
amyloid plaques from forming.
Methods
All NMR experiments were performed on a custom-designed spectrometer (courtesy of
D. J. Ruben) operating at the 1H Larmor frequency of 500 MHz, except for the DQF-DRAWS
and REDOR experiments, which were performed on a similar spectrometer operating at 360
MHz. Both spectrometers were used with Varian 'H/13C/15N probes equipped with 4-mm MAS
module. Sample temperatures were maintained at 20 C for all experiments and spinning
frequencies were near r/2c =10 kHz for most experiments. Pulse sequences used were
REDOR, 3D-TEDOR, DARR, and DQF-DRAWS, which have been previously described in the
literature2' 3' 7' 16 and further details on the individual experiments are given in the figure captions
and supporting information.
Isotopically labeled TTR(105-115) peptides (amino acid sequence Tyr-Thr-Ile-Ala-Ala-
Leu-Leu-Ser-Pro-Tyr-Ser) were synthesized by using standard solid-phase methods and purified
by HPLC (CS Bio, Menlo Park, CA and New England Peptide, Gardner, MA). Several different
labeling schemes were used for various experiments. Further details of the exact locations of
the labels are given with the experimental results.
Structure calculations were performed using simulated annealing in CNSsolve 17
interfaced to ARIA. Since the monomer structure was accurately determined the NCS symmetry
term was maintained at a high weight throughout the protocol. A family of 100 lowest energy
structures was generated for the protofilament and of these the 30 lowest energy structures were
refined in water. The lowest energy structure from the calculation was used to represent the
ensemble. The final structures had no experimental distance violations >0.3 A or dihedral angle
violations >50. N, CO, C' and CB chemical shifts were back-calculated from the structure using
SHIFTX 18 . Theoretical X-ray diffractograms were generated using the Clearer program. The
Ramachandran statistics were generated using PROCHECK.
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Table 3.1. Intra-sheet NMR restraints
Residue-Atom Residue-Atom Distance (A) Method
I107-C' I107-C' 4.46 +/- 0.12 DQF-DRAWS
A108-C' A108-C' 4.52 +/- 0.16 DQF-DRAWS
A109-C' A109-C' 4.41 +/- 0.10 DQF-DRAWS
Ll10-C' L110-C' 4.31 +/- 0.22 DQF-DRAWS
L111-C' L111-C' 4.52 +/- 0.10 DQF-DRAWS
S112-C' S112-C' 4.45 +/- 0.06 DQF-DRAWS
P113-C' P113-C' 4.47 +/- 0.08 DQF-DRAWS
A109-N A108-C' 4.40 +/- 0.20 REDOR
Table 3.2. Inter-sheet NMR restraints
Residue-Atom Residue-Atom Distance (A) Method
A108-Cb S112-Ca 2.5-5.5 DARR
A108-Cb S112-Cb 2.5-6.5 DARR
II07-Ca S112-Ca 2.5-6.5 DARR
I1107-Cb P 113-Ca 2.5-5.5 DARR
I1107-Cb S112-Ca 2.5-7.5 DARR
1107-Cb S112-Cb 2.5-6.5 DARR
I1107-Cd S112-Ca 2.5-5.5 DARR
I1107-Cd P113-Ca 2.5-6.5 DARR
I107-Cd P113-Cd 2.5-5.5 DARR
I 1107-Cg2 S112-Ca 2.5-5.5 DARR
T106-Ca P 113-Cd 2.5-6.5 DARR
T106-Cg P113-Cb 2.5-6.5 DARR
A109-N L111-Cdl 4.43 +/- 0.5 TEDOR
A109-N L111-Cd2 4.63 +/- 0.5 TEDOR
A108-C' L 11-Cdl 4.775 +/- 0.475 R2TR
A108-C' L 111-Cd2 4.775 +/- 0.475 R2TR
Table 3.3. Comparison of experimental diffraction signals with signals calculated from
the protofilament structure.
Measured
Resolution
from
Experiment
(LA
Miller Indices Calculated
Resolution
from Unit
Cell (A)
39.039.0
16.10
8.86
6.74
5.87
5.54
4.93
4.67
4.54
4.12
3.83
3.51
3.15
3.00
2.76
16.13
8.86
6.56
5.86
5.58
4.89
4.66
4.54
4.13
3.82
3.51
3.15
3.00
2.76
2.41
Error
P/0
-0.23
-0.24
0.00
2.68
0.13
-0.79
0.90
0.12
0.06
-0.18
0.33
0.03
-0.10
-0.23
0.07
0.072.41
Table 3.4. Experimental restraints and
structure.
Number of experimental restraints:
Unambiguous
Dihedral Restraints
RMS deviations:
from the experimental restraints:
Distance restraints
Dihedral angles
from idealised geometry:
Bonds
Angles
Final energy of Ensemble:
Average Energy per Structure (kcal/mol)
Ramachandran Analysis:
Residues in most favoured regions
Residues in additionally allowed regions
Residues in generously allowed regions
Residues in disallowed regions
structural statistics for the protofilament
920
288
0.077 ± 0.0002
2.28 + 2.15
0.0026 ± 0.000008
0.43 ± 0.002
-4948.77111.83
94.7%
5.28 %
0%
0%
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Figure 3.8. DARR spectrum of YTIA-SPY with 400ms mixing
Methods
REDOR parameters:
360 MHz spectrometer, HCN Varian 4mm MAS probe, r/2 = 10 kHz, 2ms 1H to 13C ramped
CP with 50 kHz spin lock on 1H, 50 kHz x pulses on 15N, 83 kHz TPPM decoupling between
REDOR pulses and during acquisition, recycle time of 4s, signal averaged -overnight.
DQF-DRAWS parameters:
10
2D
30
40
'60
,0O
360 MHz spectrometer, HCN Varian 4mm MAS probe, Wr/2nt = 5.882 kHz, 2ms 'H to 13C
ramped CP with 50 kHz spin lock on 1H, 50 kHz DRAWS recoupling, 83 kHz TPPM decoupling
during acquisition, recycle time of 4s, signal averaged over several days.
TEDOR parameters:
500 MHz spectrometer, HCN Varian 4mm MAS probe, Wo/2 = 10 kHz, 2ms 'H to 13C ramped
CP with 50 kHz spin lock on 1H, 50 kHz p and p/2 pulses on both 13C and 15N, 83 kHz TPPM
decoupling during acquisition, recycle time of 4s, signal averaged over several days.
DARR parameters:
500 MHz spectrometer, HCN Varian 4mm MAS probe, w/27t = 10 kHz, 2ms 1H to 13C ramped
CP with 50 kHz spin lock on 'H, 10 kHz DARR recoupling, 83 kHz TPPM decoupling during tl
and acquisition, recycle time of 4s, signal averaged over several days, add 2D acq times?.
T2 filtered CP parameters:
Pulse sequence consists of a proton flipdown n/2 - t delay - refocusing ni - t delay- flipup n /2
- spin diffusion period - flipdown n /2 - CP to '3C. 500 MHz spectrometer, HCN Varian 4mm
MAS probe, o%/27t = 10 kHz, 100 kHz n/2 and t pulses 1H, t = 400 its before and after ir
refocusing pulse, 0.2 ms 1H to 13C ramped CP with 50 kHz spin lock on 'H, 83 kHz TPPM
decoupling during acquisition, recycle time of 10.5 sec, signal averaged -overnight.
Data fitting:
All data fitting was performed with SPINEVOLUTION with parameters as stated in the
experiment as well as spin systems with the adequate parameters to properly characterize the
system. Note that the DARR constraints were not fit, but binned according to mixing time of
first appearance.
Chapter 4. Structure of the L111M Mutant of Transthyretin 05s-s in an Amyloid Fibril
Adapted from a manuscript to be published with Vikram S. Bajaj, Marc A. Caporini, Cait
MacPhee, Anthony W. Fitzpatrick, Christopher M. Dobson, and Robert G. Griffin. NMR data
collection and fitting were done by myself and Vik Bajaj, while Anthony Fitzpatrick and Cait
MacPhee prepared fibrils and examined them by AFM and EM.
Introduction
Protein misfolding is also of considerable medical interest, as many significant diseases are
caused by mutations which perturb or eliminate the native function of a protein by influencing its
propensity to fold correctly'. While misfolded proteins generally trigger cellular mechanisms
through which they are targeted for decay, most proteins are also able to enter a conformational
state in which they aggregate and accumulate in amyloid deposits. At least 25 clinical disorders
are associated with amyloidosis and protein aggregation2. Amyloid diseases involve deposits of
long, unbranched protein fibrils. Amyloid fibrils have been characterized by electron
microscopy, mass spectrometry, cryo-EM reconstruction 3 , atomic force microscopy 4, x-ray
diffraction5, circular dichroism, and NMR spectroscopy 6'7 , but relatively few studies have
resulted in atomic level detail of the three-dimensional structure. In order to understand the
structural basis for amyloid fibril accumulation, we have studied several short peptides that form
amyloid fibrils. Peptide fragments of transthyretin, an extracellular transporter of thyroid
hormone, form amyloid fibrils in vitro, and we have recently solved the structure of TTRos5-115
using MAS NMR methods8' 9. Mutations in the wild-type TTR sequence are responsible for
inheritable amyloid disorders; the L111M mutant genotype, in particular, causes a hereditary
amyloid-related cardiomyopathy. Here, we investigate the structure of the L111M mutant,
which, in addition to its clinical significance, displays differences in fibril morphology and fibril
formation kinetics. The fibril morphology and formation kinetics have been examined using
EM, AFM, and NMR and we report the intramolecular or monomer structure of the peptide
fragment.
Results
Fibril Morphology and Fibril Formation Kinetics
The morphology of L111M TTRI05-115 samples were characterized using negative stain
transmission electron microscopy and atomic force microscopy (Figure 4.1). Both techniques
reveal that L111M amyloid fibrils have a twisted, ribbon-like morphology which differ in pitch
and width from WT amyloid fibrils. The pitch and width of mature L1 iM amyloid fibrils are
approximately 1200 ± 100 A and 173 + 15 A, respectively; for mature WT amyloid fibrils
studied in this publication, these are 950 + 100 A and 108 ± 12 A.
(a)
Figure 4.1. (a) EM and (b) AFM of TTR105 -115 L1 1 1M fibrils. Both show the ribbon-like
twist of the fibrils.
The kinetics of amyloid fibril formation have been studied in a wide variety of systems,
all of which show that fibril formation is preceded by a characteristic lag or nucleation phase,
followed by a period of rapid growth, and then finally fibril maturationl0-13. Solution state NMR
was used to follow the fibril formation kinetics by monitoring the loss of signal in solution.
Amyloid fibrils precipitate as solids and do not contribute to the NMR spectra in solution so the
loss of intensity in the NMR spectra can be followed as an indirect indicator of the fibril
formation kinetics. The NMR line widths and positions do not change indicating that any
intermediate oligomers of fibril formation must be too dilute or too short-lived to be observed in
these experiments. The results shown in Figure 4.2 indicate that the L111M and WT TTR fibrils
differ in the kinetics of the lag or nucleation phase of fibril formation. The next phase of rapid
fibril growth is similar in both cases, but this phase is diffusion-limited in many models of fibril
growth, and so is not expected to be significantly different for two peptides with similar physical
properties. Finally, the slower, fibril maturation phase occurs at a faster rate for the L111M
peptide than for the WT TTR peptide.
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Figure 4.2 (a) Solution spectrum of WT TTR 105-115 monomer and (b) kinetics curves of
both WT and L1 11M TTR105-115 fibril formation. The decay of the solution spectrum is
used as indirect indicator of fibril formation. Both curves show typical lag, growth, and
maturation phases.
Solid State NMR Characterization and Chemical Shift Assignment
The one-dimensional spectra, shown in Figure 4.3, are characterized by narrow line
widths indicating that the sample is microscopically well ordered and contains one conformation
of the peptide. Further, differences in the aromatic intensities and line shapes between the N-
terminal and C-terminal segmentally labeled samples point to differences in the dynamics of the
N-terminal and C-terminal tyrosine. The greater line widths and reduced intensities for the C-
terminal tyrosine suggests that the rate of ring flipping or other motion is different in that case
from that of the tyrosine on the N-terminus.
Chemical shift assignments were obtained on the basis of 2D 13C-13C and 15N- 13C
correlation spectroscopy 14' 15. Complete side chain connectivity and sequential assignments were
possible on the basis of three spectra for each sample: 2D '3C-13C, 2D NCACX, and 2D
NCOCX. Homonuclear correlation spectroscopy was accomplished through either proton-driven
spin diffusion 6-18 with the application of an R recoupling field19 or application of the SPC5
double quantum mixing sequence 20 for polarization transfer among aliphatic carbons. The
mixing times were set to 10 ms and 0.8 ms (8 tr), respectively, to favor polarization transfer to
directly bonded carbons. Figure 4.4 shows the 2D 13C-13C spectra used for the assignments. A
full table of assignments is given in the supporting info. Due to dynamics which interfere with
the proton decoupling or magic angle spinning, site-specific assignments of aromatic resonances
was only possible for the N-terminal peptide.
YTIAALMSPYS YTIAALMSPYS
180.0 140.0 100.0 60.0 20.0 180.0 140.0 100.0 60.0 20.0
13C Chemical Shift (ppm) 13C Chemical Shift (ppm)
130.0 110.0 90.0 70.0 50.0 30.0 130.0 110.0 90.0 70.0 50.0 30.0
'
5 N Chemical Shift (ppm) 15N Chemical Shift (ppm)
Figure 4.3. 1D 13C and 15N spectra of the two segmentally labeled samples. The
spectra are quite uniform and well resolved indicating a high degree of local order.
Heteronuclear correlation spectroscopy was accomplished through spectrally selective
'SN- 3C polarization transfer (SPECIFIC CP 21) from the amide nitrogen to the Ca of the same
residue or to the C carbon of the following residue in NCACX and NCOCX experiments,
respectively. Aliphatic polarization transfer was accomplished using proton-driven spin
diffusion with the application of an R3 recoupling field (Figure 4.4). The mixing times were set
to 20 ms to transfer polarization to all sites in the side chain. NCACX and NCOCX spectra
confirm 13C assignments and provide assignments for all backbone 15N sites. Both the
homonuclear and heteronuclear correlation spectra also confirm that each monomer in the
amyloid fibril exists in the same chemical and conformational environment.
YTIAALMSPYS
Iomco,2,, ~ ~ ~~ ... o ,o , ,
....pa .o~o~o, ,, d ....
Yioacce.. A vlosce~cs -. U. -CO
A aOOCA II40cA
11O, CAOCB I11 =IAVC/ looA cA IC O
t1A0 O-CD1
Y10COC Y15MO ip ... i "CD2bCO
~~I " " ~
_A or OLI 1.84=a *'x~o
LI)O*C* o g i ( n6 or o
A100CA-Lifir 10 LJOCA Cb LIIOCO 
T~O~cs Tfa~a, IOWclcW
TtOO Tll&CQ
T17 
-lw 
"l~0 C ~ )?~a~o
AI.;.A YACC
AlgAA A~o L~CC
AICA Al.
LIIOC-CA A OB-CA1.11C-O
,,QC, IlCdl i
40
'1C Chemical Shift
YTIAALMSPYS
C ~
'Ua QA
b "a
' ' -
O
"";'~"
Y,,.,,..
T 6
1~ ~~~"'TY
.. 5o 40 30
0
13C Chemical Shift
*6'.-
4
Figure 4.4. 2D 13C_13C correlations spectra for both segmentally labeled samples. All
sites are resolved and assigned.
Measurement of Distances
Structural constraints in the form of internuclear distances were obtained by 3D
TEDOR2 2 (15N- 13C) and Rotational Resonance Width23-25 (13C- 13C) methods. Examples of 2D
planes from 3D TEDOR experiments are shown in the supporting information Figure 4.7. Each
cross peak corresponds to a unique 15N- 13C dipolar coupling and leads to a structural constraint.
An example of data fitting is illustrated in supporting information Figure 4.7, in which cross
peaks between I107Cg2 and T106N/1107N are simultaneously fit to yield two distances. The
modulation of cross peak intensities at long mixing times is due to the influence of homonuclear
J couplings; the data fitting assumes that they take canonical published values for peptides22.
The full set of structural constraints is given in the supporting information.
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Measurement of Torsion Angles
Backbone torsion angles in the L111M TTR 10 5-115 fibrils were measured using several
dipolar tensor correlation experiments. Measurements of the 4 torsion angles were
accomplished via an HNCH type correlation in which the H-N dipole tensor is correlated to the
Ca-H dipole tensor26 . Similarly, the y torsion angles were measured by the HNi+1CH
experiment in which the following H-N dipole is correlated to the Ca-H dipole27. The Ay torsion
angles were also measured via an NCaC'Ni+1 correlation experiment and the analysis of both y
measurements were used to determine the constraints for structural refinement. An example of a
torsion angle experiment that constrains the backbone torsion angles in T106 as well as the full
set of angle constraints are is provided in the supporting information.
Discussion
Structural Refinement
The structure was refined using simulated annealing molecular dynamics 28 in the internal
variable minimizer implemented in XPlor-NIH 29, roughly following protocols developed in the
refinement of the WT TTR structures . Distance restraints were represented as harmonic
potentials, while torsion angle restraints were represented as square-well potentials during the
later stages of the refinement. No database-derived restraints were used in the process.
Acceptable solutions contained no violations of the distance or torsion angle restraints. The
density of restraints is depicted in Figure 4.5. Since the C-terminal serine was not isotopically
labeled, there are far fewer constraints on the C-terminus than at other sites. Many
conformations of the C-terminus are thus reflected in the structural ensemble, and this is not an
indication of either static or dynamic disorder. A representative set of structures from an
ensemble of 100 acceptable structures is shown in Figure 4.5. The average root mean square
deviation of coordinates of heavy atoms is 0.51 A, which is slightly better than what was
possible in the refinement of the related WT TTRI05-115 structure. Finally, a preliminary
conformational analysis of quality of the structural ensemble, shown in supporting information
Figure 4.9, shows that all residues adopt conformations in the favored or most-favored regions of
the conformational space corresponding to 3-sheet secondary structure.
Figure 4.5. (top) depicts the measured distances in yellow (bottom) is an ensemble of
refined structures.
Differences from WT Structure
Both the WT TTR 105o 115 peptide and its L 1 11M mutant adopt the conformation of an extended P-
strand in the amyloid fibril, with no indication of the 3-turn conformation that it adopts in the
native transthyretin protein. That they have P-sheet content was known from diffraction and
circular dichroism experiments30-32, and this is characteristic of all amyloid fibril samples. The
diffraction experiments further indicate different periodic spacings in the L111M peptide, which
may in part result from the alternate excluded volume of the methionine side chain. While there
are only minimal differences possible in conformation between extended P-strands, there are
nevertheless differences in both the backbone torsion angles and side chain conformations in the
average structures of WT and L 11M TTRio 5.i 15, as shown in Figure 4.6. In order to understand
the structural consequences of these differences for the self-assembly of the entire amyloid fibril,
a structure of the fibril is required. The WT TTR fibrils have been determined to have parallel
in-register P -sheets that are stacked in an anti-parallel fashion. DQF-DRAWS data on L111M
fibrils indicate that the P-sheets are also parallel in-register, thus, the differences in structure of
the fibrils are most likely due to different sheet-sheet packing interactions.
Figure 4.6. Comparison of the WT and L111M monomer structures looking down the b-
sheet (top) through the b-sheet (bottom). WT is shown in green and L111M in blue.
Methods
Synthesis of Samples
Samples for experiments designed to probe the fibril morphology and fibril formation kinetics
were prepared by solid phase synthesis33 (FMOC chemistry) by CS Bio Inc. Samples for NMR
experiments were prepared from FMOC-protected and O-T-Butyl (where applicable) protected,
U-13C, 15N-labeled amino acids purchased from Cambridge Isotope Laboratories. Two
segmentally U- 13C, 15N-labeled fragments were prepared with sequences YTIAALMSPYS and
YTIAALMSPYS, where bold letters indicate the labeled positions.
Formation of Amyloid Fibrils 4,3 4
The peptides were dissolved without further purification in a solution of 10% acetonitrile in
water (v/v), adjusted to pH 2.0, at a concentration of 18 mg/mL. The solutions were incubated in
sealed containers at 37C for 48 hours, after which they became turbid, indicating the formation
of amyloid fibrils. The fibrilization solutions were then left undisturbed for 14 days at ambient
temperatures (230 C + 5oC). Concentrated pellets of the amyloid fibrils were formed by two
cycles of centrifugation at 300,000xg, followed by washing in distilled water. The concentrated
pellets were packed into 4 mm Varian NMR rotors that were sealed to prevent dehydration of the
pellet. Samples for solution state NMR were prepared by dissolving WT TTR (pI 5.52,
MW=1198.38) at 15 mg/mL concentration, or L111M TTR (pi=5.52, MW=1216.41) at 15
mg/mL or 15.2 mg/mL concentration in 10% deuterated acetonitrile in D2 0 (v/v).
NMR Experiments
All solid-state NMR experiments were performed on a 500 MHz NMR spectrometer with a
custom-built spectrometer console (D.J. Ruben). The sample temperature was maintained at 20C
during the experiments to prevent sample damage due to RF and aerodynamic heating. The
spinning frequencies ranged from 8.6-10.0 kHz, depending on the experiment. TPPM 35
decoupling (83-125 kHz) was employed during acquisition and during multiple pulse sequences
where appropriate. Chemical shifts were referenced indirectly to solid adamantane following the
recommendations of Morocombe and co-workers36 . The kinetics data were performed on a
solution-state NMR spectrometer operating at 591 MHz spectrometer with a custom-built
spectrometer console (D.J. Ruben). The pulse sequence incorporated presaturation for
suppression of the residual water, and all experiments were conducted at a constant temperature
of 37°C. The measurements were repeated to guarantee their reproducibility. Fibril formation
was monitored via the loss of intensity from solution-state peaks corresponding to the peptide
monomer over a period of 45 hrs starting 15 minutes after dissolving the peptide.
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Figure 4.7. (left) two TEDOR spectra at short (left top) and long (left bottom) mixing
times and the buildup curves for two of the measured distances (right).
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Table 4.1. Chemical shift assignments
Residue 15N 13CO 13Ca 13Cb 13Cg 13Cd 13Ce 13CZ
132.70/13 114.90/11
Y105 100.9 170.0 53.72 34.36 124.20 156.801.80 6.50
T106 114.3 172.4 59.24 68.66 20.84 -- -- --
26.33/16.11107 121.4 173.1 58.00 42.82 12.90 -- --8
A108 125.8 172.3 48.16 19.81 - -- -- -
A109 122.6 171.4 48.39 20.45 -- -- -- --
21.57/26.4
L110 127.7 173.1 52.93 42.99 27.54 --2
M111 123.0 170.5 51.88 34.55 30.26 -- 17.10 --
S112 116.7 171.3 53.35 60.98 -- -- -- --
P113 134.8 172.6 60.92 30.25 26.14 47.68 -- --
Y114 125.9 171.5 55.61 41.60 -- -- -- --
Table 4.2.
fibrils.
Experimental constraints on backbone torsion angles in L11M TTR1 05-115
H-Ni-Coa-H
Y105 N/a
T106 -130.6, -109.3
1107 -130.0, -110.0
A108 -130.1, -109.9
A109 -138.8, -101.1
L110 -129.4, -110.5
Mill -135.0, -104.3
S112 -136.3, -103.6
P113 N/a
Y114 -140.7, -100.5
S115 N/a
N-Cu-C -N
99.0, 140.8 ±158
119 ±138, ±80
120 ±138
104.8. 135.2 ±132
109.8, 129.4 +134
112.5, 126.0 +152
106.9, 130.8 ±130
n/a ±136
120 ±144
n/a n/a
n/a n/a
H-N(i+1)-Ca-H
Table 4.3. Distance constraints measured in 3D TEDOR experiments in L111M TTR 105-
115. Potentially intermolecular couplings are colored in red.
Spin 1 Spin 2 Distance (A) Spin 1 Spin 2 Distance (A)
Y105 Ca Y105 N 1.50 L110 Co LI ON 2.40
Y105 Ca T106 N 2.60 L110 Co M111N 3.55
Y105 C' Y105 N 2.45 L110 Cy L110 N 4.50
Y105 C' T106 N 1.40 L110 C81 L1lON 4.60
T106 Ca T106 N 1.50 L110 C81 Mil N 3.20
T106 Ca 1107 N 2.75 L110 C81 S112 N 4.40
T106 Cy T106N 3.70 L110 C62 A108 N 4.70
T106 Cy 1107 N 3.10 L110 C82 A109 N 4.70
T106 C' T106 N 3.15 L110 C82 L110 N 4.45
T106 C' 1107 N 1.40 L110 C82 M111 N 4.40
1107 Ca 1107 N 1.50 Ll 10 C' A108 N 3.20
1107 Ca A108 N 2.35 L110 C' L10 N 1.45
1107 Co 1107 N 2.60 M111 Ca M111 N 1.50
1107 Co A108 N 3.20 M111 Ca S112 N 2.35
I107 Cy 1107 N 3.00 M111 CP A109 N 3.15
1107 Cy2 1107 N 4.00 M111 CP M111 N 2.60
I107 Cy2 A108 N 4.70 M111 Co S112N 3.55
1107 Cy2 A109 N 5.10 Mill Cy M111N 2.55
1107 CS 1107 N 5.00 M111 CE A109 N 3.90
1107 C8 A108 N 6.50 Mill CE L110 N 3.80
1107 C8 A109 N 8.80 Mll CE Mill N 4.40
A108 Ca A108N 1.50 S112 Ca S112N 1.50
A108 C A109 N 4.80 S112 Ca P113 N 2.55
A108 Co A108 N 2.65 S112 CB S112N 2.55
A108 CP A109 N 3.35 P113 Ca P113 N 1.45
A108 C' A108 N 2.40 P113 Ca Y114 N 2.70
A108 C' A109 N 1.40 P113 Co P113 N 2.50
A109 Ca A109 N 1.45 P113 Cy P113 N 2.80
A109 Ca L10N 2.50 P113 C8 S112N 3.05
A109 Ca Mill N 3.10 P113C P113 N 1.50
A109 C5 A108N 3.70 YI14 Ca Y114N 1.50
A109 CP A109N 2.65 Lll0 Ca MIll N 2.20
A1719 CP LIlON 3.40 L110 Ca A108 N 3.35
A109 Co M111 N 3.60 L110 Ca L0 ON 1.50
A109 C' A109 N 2.40
A109 C' L11ON 1.35
Chapter 5. Chemical Shift Anisotropy Selective Inversion
From a manuscript in preparation by Marc. A. Caporini, Christopher. J. Turner, Anthony
Bielecki and Robert G. Griffin, Department of Chemistry and Francis Bitter Magnet laboratory,
Massachusetts Institute of Technology, Cambridge Massachusetts 02139. Most of the NMR data
was collected and analyzed by myself. Chris Turner and Tony Bielecki contributed greatly to the
theoretical description.
Abstract
Chemical shift anisotropy selective inversion can occur during magic angle spinning
NMR experiments when the magnitude of the radio frequency field is swept through a multiple
of the spinning frequency. Experimental and theoretical results are presented to demonstrate the
adiabatic nature of this process.
Introduction
Almost all methods of selective excitation are related to the pioneering work of
Alexander' who devised a method of pulsed excitation of one resonance while leaving a
chemically shifted neighbor unaffected (subjected to rotation by 2n radians). Selective inversion
normally involves the use of low-power shaped pulses, however the selectivity is still based upon
differences in the chemical shift. In this work we examine a magic-angle spinning (MAS) NMR
experiment in which the selection criterion is the anisotropy of the chemical shift, not the
chemical shift itself.
Chemical shift anisotropy (CSA) is rotationally averaged at MAS frequencies higher than
the span of the CSA. However, the CSA interaction can be reintroduced by a rotary resonance
phenomenon when the rf field exactly matches a multiple of the MAS frequency2 . When the
resonance condition is met with a constant value of o = nr (n = 1,2) for a polycrystalline
sample, the superposition of different precession frequencies causes a rapid decay of the
magnetization. Here, we propose an adiabatic passage through the c = 2o.r CSA recoupling
condition.
Theoretical treatment
The pulse sequence initiates with a cross-polarization (CP) period followed by a period in
which the '3C rf amplitude is swept (Aol) through a CSA recoupling condition as shown in
Figure 5.1 (a). Proton decoupling is applied during the 13C rf amplitude sweep, at a power level
high enough to avoid depolarization effects during this period3'4 . We assume the variation of the
13C rf amplitude to be slow enough that the process can be described by a time-dependent
Hamiltonian H(t, T). In this notation, the time-variable t characterizes the fast time dependence
due to the MAS whereas the time-variable T denotes the slow time dependence due to the
adiabatic variation of the rf amplitude c-h. If we assume that the changes due to T can be
neglected over the time period z = 2tc/ then we can define a t-time averaged Hamiltonian
H(T) = (H(T))Tr (1)
that no longer depends on the time-variable t and is therefore, independent of the MAS rotation.
In a frame rotating at the rf frequency centered at the isotropic chemical shift the S-spin
Hamiltonian consists of an rf field term and a CSA term modulated by the sample spinning:
2
H(t,T) = o,(T)S, + cke - ik tS (2)
k=-2
The Fourier expansion parameters ck of the modulated chemical shift depend upon the CSA
parameters and the orientation of the CSA tensor in the rotor frame:
2k P2.k 'D, k(a,l, Y)D,O(O, m,O) (3)
k'=-2
where oo is the Larmor frequency, 0 m,, is the magic angle, and (a, 3, y) are the Euler angles that
transform the CSA principle axis frame into the rotor frame. D'.k(a, ,y) are elements of the
second-rank Wigner rotation matrix and P2.k. are the irreducible spherical tensor components of
CSA interaction in the principle axis frame, defined by p 2,0 = i(6z - 6so)= v6, P2,, = 0,
and p 2, 2 = (6yy,, -6xx)/2 = 61/2 where &x, yy and J, are three principal values, and 8iso, 5, i are
the isotropic part, the anisotropy, and asymmetry factor of the CSA tensor, respectively 5.
In a doubly rotating frame, defined by the additional transformation operator R = ie- n' rts,
the Hamiltonian becomes:
1 2
HR(T,t) = (o,(T)- n(,)Sx + cme - ik t ((Sz + iSy)e n(Ot + (Sz -iSy ) e - i (O )
k=-2
Assuming the n=2 recoupling condition and applying average Hamiltonian theory (AHT) the
equation becomes:
(4)
HO(T)= A°,(T)S, +(--C2)S +( -C2)S (5)
where Aw, (T) = o, (T) - 29,. The expressions (c_2 +c 2)/2 and (c 2 -c 2)/2 i are both real
functions of the CSA parameters 8 and rI, and the crystallite Euler angles a, P, y. For each
crystallite, the CSA recoupling axis is defined in the YZ plane by the vector
(c-2 - C2 )/2i]S +[(C-2 + c2)/2]Sz as shown in Figure 5.1 (a). The magnitude of the CSA
recoupling axis, the CSA recoupling constant, can be written as:
C-2_ C2 C2_ + 2 _ s6in2 m3 q2 (2cos(4a)d 2(P)d,-2 (P) +(d,2)) + (d 2 ()) 2 )
( 2 6 2 2 2 ( )
(+72 )2 + + cos(2a)d,2(fl)(dZ,2(/)+d_,-2(3))+ 6(dO,())2
where d,,,(P) are the reduced Wigner rotation matricies. Each crystallite can be adiabatically
inverted from S, to -S, via a slow sweep of the Hamiltonian from S, through the CSA
recoupling axis to -Sx. The adiabaticity of the process requires that (dO/dT) must be small,
where 0 is the angle between the Hamiltonian and S, as shown in Figure 5.1 (a). When the
Hamiltonian is near the CSA recoupling axis, (dO/dT) is proportional to the RF sweep rate and
inversely proportional to the CSA recoupling constant. Therefore, a small CSA tensor leads to
non-adiabatic condition. Thus, for a slow, constant RF sweep rate, those crystallites with larger
CSA recoupling constants will be adiabatically inverted, while those with smaller CSA
recoupling constants will not be inverted as effectively. An experimental example of this is
given in Figure 5.1 (c) and (d), where the 13C spectrum of U-13C-Tryptophan is recorded before
(c) and after (d) adiabatic passage through 20o.
Similar arguments apply for the n = 1 recoupling condition with the recoupling axis
having a magnitude of:
C~=(- -C + )2 + sinm COSm /2(2 cos(4a)d2_ z(fl)d,,(1)+ (d ())2(d ))2)
( C-, +C, 2 2 '2 co(7) (d2,-2+2 +rV r os(2a)d01 (f3)(dZ_, (P) - dZ (0)) - 6  (,))2(
While possible to perform an adiabatic inversion using the n = 1 recoupling condition we have
focused our efforts on the n = 2 condition for practical reasons. Using the n = 2 condition has the
advantage of stronger, more effective spin-lock fields as well as larger ramp widths while
avoiding other recoupling conditions (HORROR, CP, etc).
Results
Figure 5.2 shows the experimental result of changing the magnitude of the rf amplitude ramp
after CP on a sample of U-13C Tryptophan spinning at 22 kHz at a static magnetic field of 9.4
Tesla (400 MHz for protons). After CP, the rf was ramped down from 56.5 kHz (at time zero) to
a final value of 31.5 kHz over a period of 2 ms. The ramp was interrupted at fixed intervals and
13C spectra acquired. Thus, in Figure 5.2, the time axis corresponds to magnitude of the ramp. In
essence, it demonstrates the behavior of the 13C magnetization during a CSA recoupling
experiment. We can see that the ramp has little effect on the magnetization except near the 2"
recoupling condition (-50% through the ramp) where the signal with a large CSA tensor is
suddenly inverted whilst the signal with small CSA tensor is attenuated but not inverted.
Figure 5.3 demonstrates the effect of changing the ramp rate. The size of the ramp was
fixed at 25 kHz but the duration of the ramp was varied from 0 to 4.5 ms. While fast passage
through the CSA recoupling condition does produce a noticeable effect, slowing down the sweep
rate to less than 2.5 MHz/sec leads to an increase in the efficiency of inversion thereby
demonstrating the adiabatic nature of the inversion process. In essence, Figure 5.3 is
complementary to Figure 5.2 but it should be noted that all of the signals measured seem to
follow trajectories similar to those in Figure 5.2 and Figure 5.3. Either the CSA tensor is large
enough to cause inversion (carbonyl and aromatic carbons) or it is not large enough (aliphatic
carbons).
Chemical shift anisotropy selective inversion during cross-polarization
The pulse sequence used to generate Figure 5.2 and Figure 5.3 explicitly separates the cross-
polarization period from the CSA recoupling period, however it is equally possible to combine
the two into a modification of the amplitude swept CP experiment6, 7. Amplitude swept or
ramped CP can either be thought of as a method of reducing the instrumental imperfections such
as rf inhomogeneity 6' 8 or as a method of improving the polarization transfer via Adiabatic
Passage Hartmann-Hahn (APHH) CP 9. The theoretical gain of the APHH CP compared to
conventional CP in large spin systems (InS) has been investigated'0 . It has been shown that
APHH CP should always outperform conventional CP by a factor of close to two although in
practice much lower gains have been observed6 .
Figure 5.4 shows effect of changing the direction of an rf amplitude sweep through a
CSA rotary resonance condition during CP on 13C spectra of a U- 13 C, 15N labeled tri-peptide
(MLF) spinning at 31 kHz at a static magnetic field of 17.6 Tesla (750 MHz for protons). Notice
that there was no change in the magnitude of the rf amplitude sweep in Figure 5.4, only the
direction. In order to produce CSA selective inversion during CP, significant magnetization must
have been built up before the instantaneous value of the rf amplitude reaches the CSA recoupling
condition. That is, the sweep must pass through a CP matching sideband"1 before reaching the
CSA recoupling condition, and therefore the inversion only occurs with an amplitude sweep in
the correct direction. Since 'H nuclei generally have small CSA values, the amplitude ramp has
to be on the carbon channel.
Conclusions
It has been shown that it is possible to perform chemical shift anisotropy selective
inversion of carbons with high CSA in solids undergoing MAS. For an optimized sweep, under
adiabatic conditions, carbonyl and aromatic carbons were inverted while aliphatic carbons are
merely attenuated. Since the adiabaticity of the CSA inversion depends on the size of the CSA
tensor performing these experiments at higher magnetic fields may allow spins with smaller
CSAs to be inverted. Also, spinning at higher MAS frequencies may also be beneficial as it will
permit a larger range of sweep sizes and rates. Both higher fields and higher MAS combined
may allow for greater variability of selective inversion of CSAs of a certain size. It is also
important to note that CSA selective inversion can be combined with CP by sweeping the rf
amplitude of the carbon channel through a side-band of the CP matching profile before extending
the sweep to match a multiple of the spinning frequency. In this situation the results are
dependent not only upon the magnitude of the rf amplitude sweep but also the direction. In
conditions where the CP matching power is near a multiple of the spinning frequency this
combination CP/CSA inversion may be found inadvertently while attempting to perform a
ramped CP.
References
1. S. Alexander, Spin-echo method for measuring relaxation times in two-line NMR spectra,
Rev. Sci. Instrum. 32 (1961) 1066 - 1067.
2. Z.H. Gan, D.M. Grant, Rotational resonance in a spin-lock field for solid-state NMR,
Chem. Phys. Lett. 168 (1990) 304-308.
3. Bennett, A.E. et al. Homonuclear radio frequency-driven recoupling in rotating solids.
Journal of Chemical physics 108, 9463-9479 (1998).
4. Ishii, Y., Ashida, J. & Terao, T. 13C- 1H Dipolar Recoupling Dynamics in 13C Multiple-
Pulse Solid-State NMR. Chem. Phys. Lett. 246, 439-445 (1995).
5. U. Haeberlen, High resolution NMR in solids, selective averaging, Academic Press, New
York, 1976.
6. O.B Petersen, X. Wu, S.S. Smith, Enhancement of CP-MAS signals by variable-
amplitude cross polarization. Compensation for inhomogeneous B1 Fields, J. Magn. Reson. 106A
(1994) 127-131.
7. S. Hediger, B.H. Meier, R.R. Ernst, Adiabatic passage Hartmann-Hahn cross polarization
in NMR under magic angle sample spinning, Chem. Phys. Lett. 240 (1995) 449-456.
8. E.K. Paulson, R.W. Martin, K.W. Zilm, Cross polarization, radio frequency field
homogeneity and circuit balancing in high field solid state NMR probes, J. Magn. Reson. 171
(2004) 314-323.
9. M. Ernst, B.H. Meier, Adiabatic polarization-transfer methods in MAS Spectroscopy,
Encyclopedia of Nuclear Magnetic Resonance, 9 (2002) 23-32.
10. P. Hodgkinson, A. Pines, Cross-polarization efficiency in IS systems using adiabatic RF
sweeps, J. Chem. Phys. 107 (1997) 8742-8751.
11. E.O. Stejskal, J. Schaefer, J.S. Waugh, Magic-angle spinning and polarization transfer in
proton-enhanced NMR, J. Magn. Reson. 28 (1977) 105-112.
'H P DECOUPLINGOP
130
_S8
CPA
CSA-RE vA
180160 140 120 100 80 60 40 180 160 140 120 100 80 60 40
13C Chemical Shift (ppm)
Figure 5.1. (a) The adiabatic sweep of the Hamiltonian from S, to -Sx is depicted. The
spin polarization begins spin-locked along Sx, then is dragged from Sx through the CSA
recoupling axis, and then to -Sx as the RF field is ramped through the CSA recoupling
condition. In order for the process to remain adiabatic, the angular sweep rate of the
Hamlitonian, (dO/dT), must remain a small relative to the size of the Hamiltonian. (b)
The pulse sequence used to demonstrate adiabatic CSA recoupling. (c) '3C CP
spectrum of tryptophan before adiabatic CSA inversion shown in (d).
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Figure 5.2. Peak heights of two representative spins with large and small CSAs are
plotted at various points during a CSA-selective inversion ramp for U-13G tryptophan.
The aliphatic carbons (Ca shown as circles) remain positive while the carbonyl and
aromatic carbons (C' shown as squares) are suddenly inverted as the ramp passes
through the recoupling condition. The shapes of the curves are also indicative the
adiabatic nature of the process. The spectra were recorded at O/27 = 22 kHz while
observing at multiple points during a 2 ms ramp through the 2" CSA recoupling
condtion from 56.5 kHz - 31.5 kHz.
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Figure 5.3. Peak heights for two representative carbons of (U-15N,13C) N-Ac-valyl-
leucine (VL) are plotted vs. increasing ramp time (decreasing ramp rate) for a CSA-
selective inversion ramp of 25 kHz centered at the 2w CSA recoupling condition. The
aliphatic carbons (CY2 shown as circles) of VL are not inverted by the ramp even at
longer ramp times, while the two carbonyl carbons (V-C' shown as squares) of VL are
inverted with increasing efficiency as the ramp time increases. The longer ramp times
are more adiabatic in nature due to the slower ramp rate. The spectra were recorded at
at w/2i = 22 kHz with the ramp from 56.5 kHz to 31.5 kHz.
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Figure 5.4. (Top) Ramped CP spectrum of MLF where the ramp passes through 2o
CSA recoupling condition then the CP sideband resulting in an all-positive spectrum.
(Bottom) Ramped CP spectrum of MLF as above except the ramp is inverted to pass
through the CP sideband and then through 2o CSA recoupling condition resulting in the
inversion of peaks with large CSA tensors.
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Chapter 6. Appendix to Chemical Shift Anisotropy Selective Inversion
In the process determining the mechanisms responsible for producing the results of Figure 5.4
considerable research was devoted to investigating cross polarization as the possible mechanism
for this selective inversion. Though unfit publication with the preceding chapter it is included
here as the information may still be of some value.
Cross Polarization in solids is a well known method by which heteronuclear polarization
transfer is accomplished by applying two spin lock fields of equal strength on each nucleus
satisfying the Hartman-Hahn' matching condition olI = lolI for two nuclei with gyromagnetic
ratio of y1 and 72. With the addition of magic angle spinning, cross polarization still occurs
where the two fields are matched (center band), but also at fields where the difference is a
multiple of the MAS frequency (sidebands) 2' 3. The CP matching conditions under magic angle
spinning are o il - jw21 = nu), for n = 0, +/-1, +/-2 ..., where o) is the rotor frequency. A typical
experiment to examine the CP matching conditions is to set one of the spin lock fields to a fixed
value and vary the other over a range of values (referred to as a CP "matching spectrum"). In
experiments such as these, experimental data and simulations (Figure 6.1) show that these CP
matching spectra tend to be dominated by the +/-1 and +/-2 sidebands3 . In Figure 6.1, three
different CP matching spectra are simulated to illustrate the importance of considering the
negative CP matching conditions. We shall denote those matching conditions which originate
from centerband where ol - o = 0 having positive intensity as positive CP conditions and the
positive manifold. Similarly, those matching conditions originating from the centerband where
wl + = 0 with negative intensity will be referred to as negative CP conditions and the negative
manifold. The top CP matching spectrum of Figure 6.1 is a simulation of the 'H-13C CP
matching spectrum of the carbonyl carbon of glycine spinning at 10 kHz with a proton matching
field of 50 kHz. In this case, the negative manifold is sufficiently out of the range of
experimental values to be of any consequence. However, if the proton field is lowered to 25
kHz, as in the middle spectrum of Figure 6.1, the positive and negative manifolds begin to
overlap in the region near zero and now negative CP conditions are experimentally feasible. A
second way to create overlapping manifolds is to increase the MAS rate. The bottom spectrum
of Figure 6.1 is the same simulation as the top, except that the spinning frequency was increase
from 10 kHz to 30 kHz. In this case, some of the negative sidebands appear on the positive side
of the spectrum and have greater negative intensity than those in the middle spectrum.
10 kHz MAS
50 kHz 'H
10 kHz MAS
25 kHz 'H
30 kHz MAS
50 kHz 'H
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Figure 6.1. Simulations of 'H-13C CP matching spectra using SPINEVOLUTION. At top
is normal CP matching spectrum where the 1H spin lock field is much larger than the
MAS rate (50 kHz vs 10 kHz). Note that the positive and negative manifolds are both
completely separated. In the middle simulation, the 1H spin lock field has been lowered
to 25 kHz and the two manifolds are overlapping resulting in some negative sidebands
at matching fields greater than zero. At the bottom is a simulation similar to the top,
except that the MAS rate has been increased to 30 kHz. This increases the separation
between the sidebands such that the two manifolds overlap, also producing negative
sidebands in the positive region of the matching spectra.
The negative CP condition can be used to create a spectrum in which some of the
polarization is inverted. For spins with sufficient chemical shift separation, it is possible to
create a selectively inverted CP exploiting the chemical shift offset and negative CP conditions.
We demonstrate this in Figure 6.2 with U- 13C,15N-glycine spinning at 15 kHz in a 500 MHz
spectrometer. In this case, the C' and Ca peaks are separated by 17 kHz. By placing the carrier
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on resonance with the C' and varying the 13C spin-lock field a negative CP condition is found
around 10 kHz representing the n = +4 negative sideband. Under these conditions, the effective
field on the Ca is -19.7 kHz and is close enough to the positive sideband at 20 kHz that the Ca
peak is positive. The same can be done with the carrier set on resonance with the Ca, inverting
the Ca peak while leaving the C' peak positive. Unfortunately, this mechanism is not very
efficient relative to the optimal positive CP conditions and also requires peaks to be well
separated in which case a short selective pulse could achieve the resulting spectrum with higher
efficiencies.
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Figure 6.2. The two spectra on the left show glycine with either peak selectively
inverted through a negative CP while the frequency offset causes the other peak to
remain positive. The top spectrum was recorded on resonance with the carbonyl peak,
while the bottom was resonant with the Ca. The CP matching spectra on the right were
recorded on resonance with the carbonyl. The dashed line through the matching
spectrum represents the conditions of the spectrum shown at top left. In all spectra the
MAS was 15 kHz and proton matching power was 50 kHz.
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Chapter 7. Future Prospects
Chapter 2
The most significant advance concerning this work may be the use of SPINEVOLUTION
as a means of 2-parameter fitting of both distance and relaxation for improved precision of
distance measurements. This type of data fitting can easily be ported to most other dipolar
recoupling sequences with spin systems small enough to be simulated easily, currently less than
10. An approach similar to this was effectively used to fit the TEDOR distances in Chapter 3.
While this type of distance measurement is highly effective for systems with a single labeled site,
it would be much more difficult to do in a multiply labeled sample. This situation would require
2D spectra to distinguish between auto-correlated peaks and cross-peaks as well as varying
mixing times, thus, acquiring sufficient signal to noise would be difficult.
Chapter 3 and 4
The protofilament structure of the TTR fibrils demonstrates that high resolution
structures of amyloid fibrils can be determined using high precision solid state NMR
measurements. There are no assumptions needed to calculate the structure, which is in sharp
contrast with other structures of amyloid fibrils which rely to high degree on non-measured
constraints, such as torsion angles from TALOS and assumed hydrogen bonds. The data used in
our structure is also of much higher quality than what others have presented. Applying these
type of methods to larger systems should be a goal of future work in amyloid fibrils.
Considerable challenges remain in the scalability of these methods, however, given the degree of
complexity in this small system, making numerous assumptions in a larger system may lead to
serious discrepancies between models and reality.
Chapter 5
Since the time of this work, the spinning frequencies that are commercially achievable
have roughly doubled (- 32 kHz to 65+ kHz). Considering that the adiabatic CSA inversion is
only possible for large CSA at spinning frequencies greater than 15kHz this will may allow for
CSA's of a smaller size to be inverted as well. In its current form, the CSA inversion does not
seem to be a good candidate for measuring CSA's, however, at higher MAS frequencies this may
be possible. Since the separation of the CP and CSA recoupling conditions increases with
increasing MAS frequency, more finely optimized adiabatic CSA inversion may be possible.
Chapter 6
The work in this chapter was basically a dead end in the search for the mechanism of the
CSA-selective inversion results. However, considering widespread use of cross-polarization and
the significant increases in MAS frequencies in the last few years, it is a topic worth
reconsidering. Much of the theoretical and experimental work on CP from Beat Meier and
colleagues was done when 12 kHz was considered "very fast MAS." Most theoretical treatments
assume that the RF fields used in CP are much larger than the MAS frequency, which is no
longer be the case with 65 kHz MAS. In the regime where the MAS and RF field strengths are
of similar magnitude there may be some interesting phenomenon to explore and may yield some
gains in CP efficiency. Given that many experiments in NMR are sensitivity limited any gains in
CP transfer efficiency could lead to significant acquisition time savings, particularly in
experiments with multiple CP transfers.
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